1. Introduction {#sec0005}
===============

The diagnosis of bacterial infections in the laboratory relies on isolation of the bacterium, its identification, and antibiograms. This direct diagnostic approach is limited by: the delay before obtaining culture results, sometimes after caregiving; the presence of non-cultivable bacteria in the sample because of the presence of inhibitors such as antibiotics or because of inappropriate culture conditions; and the capacity to isolate and differentiate the various colonies of a polymicrobial sample. For example, around 75% of bacterial species in the digestive microbiotium, cannot be identified routinely with culture techniques [@bib0005]. An alternative to this direct diagnostic is the detection de universal gene sequences 16S rRNA or *rpo*B [@bib0010], [@bib0015] by PCR followed by hybridization of a fluorescent oligonucleotide probe, with real time PCR [@bib0020]. As an alternative, the product of PCR amplification may be hybridized on a solid base fixing a great number of oligonucleotide probes, using the DNA microarray technique which is reviewed in this article. Searching for "DNA microarray" in the NCBI search engine (<http://www.ncbi.nlm.nih.gov/pubmed/>) gives 60,630 references (May 2012), showing the importance of the molecular biology tool described for the first time in 1995 [@bib0025] ([Fig. 1](#fig0005){ref-type="fig"} ). The "DNA microarray and infectious diseases" combination, gives 721 references (May 2012); the first reported use of this tool, for the diagnosis of a hantavirus infection, was published in 1993 [@bib0030].Fig. 1Histogram of "DNA microarray" topics published in the PubMed database from 1995 to 2012 (May 2012).Histogramme des publications concernant le sujet « DNA microarray » parues dans la banque de données Pubmed de 1995 à 2012 (mai 2012).

2. Principle of DNA microarrays {#sec0010}
===============================

The DNA microarray technique was adapted from the Southern blot by replacing the nylon base by a glass or silicon slide allowing covalent fixation of several thousand oligonucleotide probes. The probes correspond to: universal genes 16S rRNA [@bib0010] or *rpoB* [@bib0015]; or to genus, species, or serotype specific genes; to genes coding for resistance to antibiotics; or to toxinic genes. The DNA microarray technique includes several steps, such as manual or automatic extraction of nucleic acids from the clinical sample, their amplification by PCR, the labeling of amplification products by a fluorescent cyanine (Cy3- or Cy5-dCTP): a monochrome labeling is less expensive but a two-colored one has a better reproducibility [@bib0035], [@bib0040]; then hybridization of labeled nucleic acids for 24 to 50 hours on the DNA microarray which is later scanned to measure the specific probe/DNA interactions of the sample. These interactions are measured by fluorescence as numerical data ([Fig. 2](#fig0010){ref-type="fig"} ). The total time for the procedure is inferior to 4 hours, not including time for hybridization.Fig. 2Protocol for the DNA microarray analysis of clinical samples.Protocole d'analyse des échantillons cliniques par puce à ADN.

There are few DNA microarrays available on the market for the diagnosis of bacterial infections. Two firms, Agilent ([http://www.agilent.com](http://www.agilent.com/)) and Affymetrix (<http://www.affymetrix.com/estore/>), currently market custom made or prefabricated chips available in France. The Phylochip™ (Affymetrix; Santa Clara, California) chip carries 1.1 million probes for 25 nucleotides allowing the detection of the 16S rRNA gene for 60,000 bacterial species [@bib0045]. The CapitalBio Corporation firm (Beijing, China; [http://www.capitalbio.com](http://www.capitalbio.com/)) markets a DNA chip for the identification and determination of resistance profile of 17 mycobacterial species, the most frequently isolated in laboratories. Finally, Prove-it™ Sepsis StripArray (Mobidiag, Helsinki, Finland) is an automated system coupling a PCR stage and a DNA microarray analysis for the detection of bacteria responsible for bacteremia.

3. Study of the microbiota {#sec0015}
==========================

The human body carries interacting microorganisms called microbiota, containing ten times more cells than the human body and 100 times more genes than the human genome [@bib0050]. The DNA Phylochip™ (Affymetrix) allows investigating the human microbiota [@bib0045] ([Fig. 3](#fig0015){ref-type="fig"} ). Among these, the intestinal microbiota counting 10^11^ to 10^14^ bacteria [@bib0055] has a major role in the individual\'s homeostasis and in some diseases [@bib0060]. Three teams studied the intestinal microbiota with DNA microarrays carrying the probes of 25 to 40 bases targeting the 16S rRNA gene and detecting from 500 to 1140 bacterial species [@bib0055], [@bib0065], [@bib0070]. These authors reported that the intestinal microbiota includes a part found in all individuals belonging to phyla *Actinobacteria*, *Firmicutes*, and *Bacteroidetes*, and a part specific to each individual [@bib0065]. DNA microarrays also allowed observing a decrease of some Firmicutes and an increase of *Enterococcus*, *Clostridium difficile*, *Escherichia coli*, *Shigella flexneri*, and *Listeria* spp. species in patients presenting with Crohn\'s disease compared to healthy individuals [@bib0070].Fig. 3DNA microarrays used to investigate various human microbiota, or for diagnostic purposes.Les puces à ADN utilisées pour l'exploration des différents microbiotes humains, ou à visée diagnostique.

The oral microbiota was also investigated with DNA microarrays detecting the gene 16S rRNA with probes carrying 18 to 20 nucleotides [@bib0075], [@bib0080]. The Human Oral Microbe Identification Microarray (HOMIM) allowed investigating explorer the oral microbiota in five patients presenting with oral cancer, five patients presenting with pre-cancerous oral lesions, and ten healthy controls [@bib0075]. The authors of the second study analyzed the oral microbiota in 74 children 3 to 18 years of age, in four different groups according to the development stage of their teeth: (1) milk teeth, (2) early mixed dentition, (3) late mixed dentition, and (4) final dentition. The results of the two studies prove that Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the most prevalent phyla in the oral microbiota depending on the individual\'s dentition: there are more proteobacteria than bacteroidetes in the final dentition group, contrary to the 3 other groups. The prevalence of *Prevotella* increases with age [@bib0080]. Finally, *Porphyromonas catoniae* and *Neisseiria flavescens* are significantly correlated to the presence of carries [@bib0080].

4. Diagnosis of bacterial infections {#sec0020}
====================================

4.1. Respiratory infections {#sec0025}
---------------------------

Three DNA microarrays were designed for the diagnosis of respiratory infections. A chip targeting the variable regions of the *gyrB* and *parE* of the bacterial genes detects *Corynebacterium diphteriae*, *Fusobacterium necrophorum*, *Haemophilus influenza*, *Legionella pneumophila*, *Moraxella catarrhalis*, *Mycoplasma pneumoniae*, *Staphylococcus aureus*, *Streptococcus pneumoniae* and *Streptococcus pyogenes*. Comparing with culture of 65 middle ear samples and 29 throat samples proved a better sensibility of the chip [@bib0085].

An other chip detecting Adenovirus, Bocavirus, Coronavirus type 229E, OC43, NL63, HKU1, Human Metapneumovirus types A and B, Influenza A-C, Para-influenza 1-4, Respiratory Syncytial Virus types A and B, Rhinovirus, *Chlamydia pneumoniae* and *M.* *pneumoniae* was used on 50 throat samples from adults during the winter 2007--2008 in Ireland [@bib0090]. The results proved that the chip gave a reliable diagnosis within one day. A third chip detecting 17 species of mycobacteria including *Mycobacterium tuberculosis* allowed directly analyzing 195 sputum samples from patients suspected to present with pulmonary tuberculosis, along with Ziehl staining and culture on agar [@bib0095]. Hundred and sixteen samples were found positive by the chip and 79 negative. The 116 positive samples were also positive in culture, but the chip identified a culture-negative sample later. The chip detected *Mycobacterium intracellulare* in three patients confirmed by sequencing of the strains [@bib0095].

These various studies confirm the sensibility and specificity of the DNA microarray compatible with immediate use on respiratory tract samples.

4.2. Digestive infections {#sec0030}
-------------------------

Two DNA microarrays target the variable regions of the bacterial ribosome sub-units 16S and 23S to identify 15 bacterial species frequently associated with food infections, such as *E.* *coli* O157:H7, *Salmonella enterica*, *Shigella dysenteriae*, and *Vibrio cholerae* [@bib0100], [@bib0105]. A second kind of DNA microarray targets the virulence genes of enteropathogenic bacteria, for a combined detection of *E. coli*, *V. cholerae*, *Vibrio parahaemolyticus*, *S. enterica*, *Campylobacter jejuni*, *S. dysenteriae*, *S.* *flexneri*, *Shigella sonnei*, *Yersinia enterocolitica*, and *L. monocytogenes* [@bib0110]; or of enterotoxinogenic *E. coli* \[ETEC\], enterohemorrhagic *E. coli* \[EHEC\], *S. enterica* serovar Enteritidis, *S. enterica* serovar Typhimurium, *S. flexneri*, *S. sonnei*, *V. cholerae*, *V. parahaemolyticus*, *Vibrio vulnificus*, and *Y. enterocolitica* [@bib0115]; or of the 19 most frequent serogroups of enterotoxic *E. coli* [@bib0120]. A common limitation of all these chips is sensibility of detection. Indeed, some enteropathogens such as *Salmonella* spp. or *Campylobacter* spp. are presents in low inoculum less or equal to 10^3^ organisms/mL of diarrhea stools [@bib0125], [@bib0130]. These inoculums are at the DNA microarray\'s threshold of detection [@bib0100], [@bib0105], because of interference with some commensal species. A PCR amplification stage of pathogens before hybridization partly decreases this limitation [@bib0105].

One DNA microarray detects enteropathogenic bacteria *E. coli* O157:H7, *S. enterica*, *L. monocytogenes*, and *C. jejuni* in fresh food samples [@bib0135]. Twelve identical hybridization zones allow analyzing 12 different samples on a single slide so as to reduce test cost.

4.3. Bacteremia {#sec0035}
---------------

Three DNA microarrays were described for the diagnosis of bacteremia. A chip targeting the bacterial gyrB and parE detects *Acinetobacter baumanii*, *Enterococcus faecalis*, *Enterococcus faecium*, *H.* *influenza*, *Klebsiella pneumoniae*, *L. monocytogenes*, *N. meningitidis*, *S. aureus*, *S. epidermidis*, *Streptococcus agalactiae*, *S. pneumoniae* and *S. pyogenes*, and the mecA gene associated with methicillin resistance in *S. aureus* [@bib0140].

It was tested on 146 positive hemoculture and 40 negative hemocultures, with a sensibility of 96% and a specificity of 98% [@bib0140].

Another DNA microarray targeting the internal transcribed spacer (ITS) region located between the ribosomal sub-units 16S and 23S, carries a universal positive probe control, two probes for the detection of Gram-positive bacteria, 1 probe for the detection of Gram-negative bacteria, nine genus specific probes (*Enterococcus*, *Listeria*, *Staphylococcus*, *Streptococcus*, *Bacteroides*, *Enterobacter/Klebsiella*, *Haemophilus*, *Pseudomonas* and *Serratia*) and 30 species specific probes [@bib0145]. Its sensibility was 85.8% on 825 blood samples within 1 hour [@bib0145]. The Prove-it™ Sepsis StripArray includes PCR targeting the genes *gyrB* and *parE* to identify 50 Gram-positive and Gram-negative bacteria responsible for bacteremia, and the *mecA* gene associated with methicillin resistance in less than 3.5 hours [@bib0140], [@bib0150]. It was tested on 3318 blood samples 63.5% of which were positive in culture, a proved a sensibility of 94.7% and a specificity of 98.8% [@bib0150]. The results of these studies prove that DNA microarrays are perfectly adapted for the diagnosis of bacteremia and the detection of methicillin resistance in *S. aureus* with a sensibility and a specificity of 100%, with faster results than standard methods relying on culture; indeed these two studies include a hybridization stage which lasts less than 1 hour.

4.4. Serotyping {#sec0040}
---------------

A DNA microarray targeting the genes of glycosyltransferase (GT) [@bib0155] allows typing *S. pneumoniae* strains correlated with serotyping of this bacterium which includes 90 different serotypes [@bib0160]. Indeed, 25.6% of these serotypes are responsible for more than 90% of *S. pneumoniae* infections [@bib0165]. This chip, the first to use GT genes as molecular target, allows determining the serogroup of the *S. pneumoniae* strain in a single step.

4.5. Detection of resistance to antibiotics {#sec0045}
-------------------------------------------

### 4.5.1. Non-specific chip {#sec0050}

Peterson et al. developed a DNA microarray allowing identification of 43 pathogenic bacteria (human and animal) targeting genes of resistance to antibiotics and genes of virulence [@bib0170]. The chip carries specific 227 probes for 90 bacterial genes of resistance, 99 probes targeting the genes of resistance to 20 metals, 113 specific probes for genes of virulence, 31 probes targeting transferable elements and seven probes corresponding to positive controls. The specificity of the chip was assessed on cultures of *S. enterica Typhimurium*, *Fusobacterium necrosum*, *E. faecalis*, and *E. coli* O157:H7. Little non-specific hybridizations was observed during the test. The tests made with this chip allowed confirming the results of previous studies with chips detecting only the *msrC* gene in strains of methicillin resistant *E. faecium* [@bib0175] and only the *pbp5* gene in strains of penicillin resistant *E. faecium* [@bib0180]. All the results obtained with the chip were confirmed by PCR.

### 4.5.2. Staphylococcus aureus {#sec0055}

A DNA microarray was developed, detecting five specific *S. aureus* genes by targeting the gene 23S rRNA, 23 genes of resistance to antibiotics (macrolides, lincosamides, streptogramins, tetracyclin, cotrimoxazole, and aminoglycosides) and ten genes coding for toxins. The chip was tested by analyzing 100 methicillin resistant *S. aureus* strains [@bib0185]. A second chip identifying *S. aureus* versus *S.* non-*aureus* (gene 16S rRNA) and detecting the genes *mecA* and *blaZ* for methicillin and penicillin resistance, *aac*(6′)-Ie-*aph*(2″) for resistance to aminoglycosides, *ermA* and *ermC* for resistance to streptogramins, and *msrA* for resistance to macrolides, has a sensibility of 94.8 to 99% and a specificity of 69.3 to 99.2% according to molecular targets [@bib0190]. Nevertheless, some atypical results have been observed: some isolates have given signals of hybridization for the gene *blaZ* even though no β-lactamase activity was detected for these strains. One isolate, negative for the detection of the gene *blaZ*, had a β-lactamase activity. The authors explained this by a proved sequence variation at the gene *blaZ* level [@bib0185]. In this study, a decreased hybridization time from 90 to 30 minutes decreased the intensity of fluorescence by 10 to 30% [@bib0190].

### 4.5.3. Tuberculosis {#sec0060}

*M.* *tuberculosis* resistance to rifampicin is related to the mutations in a region of 81 base pairs of the gene *rpoB* which codes for the RNA polymerase sub-unit β [@bib0195], [@bib0200], [@bib0205], [@bib0210], [@bib0215]. Isoniazid resistance is partly associated to a mutation of the gene *katG* which codes for a catalase-peroxidase and partly to a mutation of the regulator gene *inhA* [@bib0205], [@bib0210]. A DNA microarray detecting these various mutations showed a sensibility of 93% and a specificity of 98.4% for the detection of rifampicin resistance; and a sensibility of 71.4% and a specificity of 97.6% for the detection of isoniazid resistance [@bib0215]. The authors recommend using chips to screen for multi-drug resistant (MDR) bacteria if tuberculosis is suspected.

5. Conclusions {#sec0065}
==============

DNA microarrays for the diagnosis of infectious diseases were first described in 1993 [@bib0030] and have been the topic of a great number of publications ([Fig. 1](#fig0005){ref-type="fig"}). Indeed, DNA microarrays allow a microbiological diagnosis within 48 hours (including hybridization time) compatible with the delay for medical management of patients. DNA microarrays also allow multiplexed detection adapted to a syndromic approach of infectious diseases diagnosis and to the diagnosis of polymicrobial infections extended to viruses. All authors agree that DNA microarrays have a sensibility and specificity at least equal to reference tests.

Nevertheless, designing the chip is a crucial step to obtain reliable results. The various chosen probes should have a very similar length and fusion temperature to optimize hybridization conditions, the current limiting stage. Several teams have solved the problem of cross-reaction by fixing, on the slide, specific probes for the same pathogen, in a redundant manner, and the current standard is a triplicate test. The sample preparation and the labeling of nucleic acids should be even more simplified for a routine use in bacteriological laboratories, to decrease time and cost of the test, and to integrate DNA microarrays among available techniques for the diagnostic point-of-care of infectious diseases [@bib0220]. Indeed, the currently available techniques, real time PCR and immunochromatographic methods are rapid diagnostic methods for a single pathogen per test. DNA microarrays have the advantage to allow multiplexed diagnosing perfectly adapted to a syndromic approach of infectious diseases diagnosis.
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